A systematic study on the magnetic, magnetocaloric and critical behavior properties of polycrystalline 
Introduction
In the last few decades, magnetic refrigeration in the roomtemperature range has attracted global interest owing to its energy-efficient and environment-friendly advantages over the gas compression-expansion refrigeration techniques. 1, 2 It is based on the magnetocaloric effect (MCE), which is the thermal response (heating or cooling) of a magnetic substance when a magnetic eld is applied or removed. Recently, much research in this area has been to develop materials that are cost effective and exhibit large MCE (large isothermal magnetic entropy change DS M ) over a wide temperature range. Among them, lanthanum manganites with the general formula La 1Àx A x MnO 3 , where A is a divalent element (A ¼ Ca, Sr, Ba.), have drawn the attention of the solid-state physics community because of their important electrical and magnetic properties, such as the discovery of their colossal magnetoresistance (CMR) [3] [4] [5] [6] [7] and the magnetocaloric effect (MCE). [8] [9] [10] [11] [12] [13] These materials exhibit a rich variety of physical properties. The most accepted interpretations for the cause of these properties are the double exchange model 14 and Jahn-Teller effect. 15, 16 Both of these mechanisms are used to identify the magnetic phase transition (FM-PM).
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To understand better the metal-semiconductor transition and the CMR, it is important to fully understand the nature of the PM-FM transition. Therefore, to make these issues clear, it will be essential to cross over on the critical exponents at the region of the paramagnetic (PM)-ferromagnetic (FM) transition in order to unveil the nature of the magnetic system transition. Up to date, a great number of reports on the critical behaviors around the Curie temperature have been predicted that the critical exponents play important roles in elucidating interactions mechanisms near T C . Most attention has been focused on the study of the critical phenomena of La-based manganites.
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On the one side, in an earlier theoretical work, the critical behavior in the DE model was rst described with long range mean-eld theory. 31 On the other side, some researchers have reported that the critical exponents in manganites are in agreement with a short-range exchange-interaction model 32 with the estimated critical exponent values related to either 3D-Heisenberg 33 or 3D-Ising 34 model. Several studies [35] [36] [37] [38] have been carried out on the vicinity of the magnetic phase transition by using a variety of techniques have yielded a wide range of values for the critical parameters b. For example the b value reported by Ghosh et al. 39 is equal to 0.37 for the ferromagnet manganite La 0.7 Sr 0.3 MnO 3 . However, Amaral et al. 40 reported that the values of the critical exponents for La 0.665 Eu 0.035 Sr 0.3 MnO 3 are in good agreement with that predicted by the mean-eld theory. Meanwhile, in the series of compounds La 1Àx Ca x MnO 3 , there exists a tricritical point at x ¼ 0.4 that sets a boundary between rst-order (x < 0.4) and second-order (x > 0.4) FM phase transition in the FM range (0.2 < x < 0.5). 41 Up to now, in view of the various critical exponents b from 0.1 to 0.5, four kinds of different theoretical models, which are mean-eld theory(b ¼ 0. In the present work, a detailed investigation is conducted on magnetic, magnetocaloric properties and the critical behaviors in the polycrystalline La 0. 7 
Experimental details
La 0.7 Ca 0.1 Pb 0.2 Mn 1ÀxÀy Al x Sn y O 3 (x, y ¼ 0.0, 0.05 and 0.075) compounds were prepared using a conventional sol-gel method that details was described in our previous work. 42 The magnetization measurements were carried out using a vibrating sample magnetometer developed in Louis Néel Laboratory at Grenoble, where we measured the magnetization versus applied magnetic eld in a temperature range near T C . To extract the critical exponent of the samples accurately, isothermal magnetization data as function of magnetic eld were performed in the range of 0-5 T, in the vicinity of the PM to FM phase transition. These isothermals are corrected by a demagnetization factor D that has been determined by a standard procedure from low-eld dc magnetization measurement at low temperatures (m 0 H ¼ m 0 H app À DM).
Scaling analysis
The scaling hypothesis suggests the following power-law relation near the critical region dened by:
where 3 is the reduced temperature 3 ¼ (T À T C )/T C and M 0 , h 0 and D are the critical amplitudes. Moreover, according to the prediction of the scaling equation in the asymptotic critical region, the magnetic equation of state can be written as:
where f + and f À are regular analytical functions above and below T C (ref. 43 and 44) . This last eqn (4) indicates that for true scaling relations and right choice of b, g and d values, the scaled M/|3| b plotted as a function of the scaled m 0 H/|3| b+g will fall on two universal curves, one for temperatures T > T C (3 > 0) and the other for T < T C (3 < 0). This is an important criterion of critical regime.
Results and discussion

Magnetic and magnetocaloric properties
The magnetization of La 0.7 Ca 0.1 Pb 0.2 Mn 1ÀxÀy Al x Sn y O 3 (x, y ¼ 0.0, 0.05, and 0.075) as a function of temperature in a 0.05 T magnetic eld in both zero-eld-cooled (ZFC) and eld-cooled (FC) processes of all the samples has been undertaken and their behavior is shown in Fig. 1 . Based on these results, it appears that with decreasing temperature, the samples exhibit a magnetic transition from a paramagnetic (PM) to a ferromagnetic (FM) state, at the same time, T C slightly decreases with small (Al, Sn) concentration, then this transition shis towards room temperature on adding more (Al, Sn) content. Consequently, the Curie temperature for each sample, obtained from the inection points of the derivative dM/dT, was found to be 
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Together with the M(T) investigations, we have measured magnetic-eld dependences of the initial magnetization, M(m 0 H), of the samples La 0.7 Ca 0.1 Pb 0.2 Mn 1ÀxÀy Al x Sn y O 3 around their FM-PM phase transition. In Fig. 2 , the isothermal magnetization versus applied eld, with temperature increments of 3 K, is shown for La 0.7 Ca 0.1 Pb 0.2 MnO 3 under magnetic eld m 0 H ranging between 0 and 5 T. Below T C , the magnetization saturates rapidly due to an easy orientation of the spins under the action of the applied eld, which conrms the ferromagnetic behavior of our compounds at low temperatures. On the other site, for T > T C and above m 0 H ¼ 1 T, the mean value of the moment orientation is modied and an induced magnetization parallel to the eld appears. This magnetization is all the smaller as the temperature is high, which means that the thermal agitation is important. Gradually as the temperature increases the variations of the magnetization as a function of the eld become more and more linear reecting a paramagnetic behavior.
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In order to enquire the efficiency of our sample in the magnetic refrigeration systems, the magnetic entropy change due to the application of a magnetic eld H can be calculated from a family of isothermal M-m 0 H curves, using a numerical approximation as follows:
The magnetic entropy change between 0 and m 0 H magnetic applied eld, can be basically obtained by:
The temperature dependence of the magnetic entropy change (ÀDS M ) taken at various magnetic elds ranging from 1 to 5 T for x, y ¼ 0.05 sample is shown in the inset of Fig. 2 . One can see that, at a given temperature, the overall value of entropy change is found to increase with increasing eld, and exhibited a maximum value around T C . The magnetic entropy change (ÀDS M ) reaches a maximum values of 3. . We can see that these results are interesting compared with other compounds reported in the literature, so we can estimate that our materials are a potential candidate to be used in an ideal Ericsson refrigeration cycle. To further investigate the reliability of these values, we gathered in Table 1 the values of ÀDS max M and RCP for all the samples under a magnetic applied eld of 5 T as well as some results found in previous works 48, 55 in order to compare them with ours. In order to understand the origin of the magnetocaloric effect described by the spin uctuations, Amaral et al. 56, 57 have proposed a successful model based on Landau's theory of phase transition, with a contribution from magnetoelastic and electron interaction in manganites. Using the Landau power expansion of the magnetization M, by neglecting higher-order parts, the Gibbs free energy versus magnetization and temperature can be expressed in the following form:
where A(T) and B(T) are called Landau coefficients, these coefcients depend on the temperature and containing the elastic and magnetoelastic free energy. From the condition of equi- 
In addition, the applied magnetic eld m 0 H can be deduced from eqn (8) as:
According to this equation, the values of A(T), B(T) and C(T) can be determined from the tting of magnetization isothermal data. It can be seen from the inset of Fig. 3 that the parameter A(T) varies from negative to positive values around the transition point T C , and the temperature just corresponding to the zero value of parameter A is consistent with the T C . In addition, the landau parameter B(T) is observed to be negative below T C and positive above T C . This change from negative to positive suggests that the phase transition in the sample is of second order.
58
In the frame of the Landau theory, the magnetic entropy is obtained from differentiation of the free energy with respect to temperature as:
we notice that A 0 (T), B 0 (T) and C 0 (T) have usually been known as the temperature derivatives of the landau coefficients in eqn (9) . The same result is obtained using the equation of state and integration of Maxwell relations. The variation of the experimental and the calculated temperature dependence of the (ÀDSMÀDS M (T,m 0 H)) at an applied magnetic elds of 1 T using the eqn (10) Fig. 3 . Our observation suggests that there is a deviation between the experimental and the theoretical data, considering the fact that the magnetoelastic coupling and electron interaction do not directly contribute to the magnetic entropy since the theoretical and experimental curves are not completely confused. It can be attributed to some other factors which have major effects on the magnetic properties of manganites such as the Jahn-Teller effect, exchange interactions and micromagnetism.
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Such results indicate that the magnetoelastic coupling, which is the interaction between the magnetization and the strain of a magnetic material, and electron interaction have strong inuence in determining the magnetocaloric effect.
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The change of specic heat (DC p ) associated with a magnetic eld from 0 to m 0 H is given by We Fig. 4 calculated from the (ÀDS M ) by using eqn (11) . It shows the presence of anomalies in all curves around T C due to the magnetic phase transition. In fact, the value of DC p undergoes a sudden change from negative to positive around the Curie point with a negative value below T C and a positive value above T C . Furthermore, the maximum/ minimum values of DC p increases with the applied magnetic eld. The sum of the two parts is the magnetic contribution to the total specic heat which affects the heating or cooling power of the magnetic refrigerator. 64 Moreover, other structural, magnetic and magnetocaloric properties are previously studied. 42 The analysis of Arrott plots show that x, y ¼ 0.05 and 0.075 samples may be described by the mean eld model with b ¼ 0.5 and g ¼ 1. Therefore, to better obtain the right values of b and g exponents, the data was analyzed using a modied Arrott-plot expression, based on the Arrott-Noakes equation of state:
Critical behavior
where a and b are considered to be constants (in the mean-eld theory, values of b ¼ 0.5 and g ¼ 1 should generate the regular Arrott plots, M 2 vs. m 0 H/M). Due to the resemblance of quasi straight lines in the higheld region for each corresponding curve models cited earlier, it seems difficult to x on which model is the most proper to nd out the critical exponents. In order to distinguish which the best model that describes our system, it is necessary to take into account a new indicator for selection. Thus, to conrm the better model to t our experimental data, their relative slopes (RS) were calculated at the critical point, dened as:
RS ¼ S(T)/S(T C )
where S(T) and S(T C ) are the slopes deduced from MAP around and at T C respectively. If the MAP shows a series of parallel lines, the relative slope of the most satisfactory model should be kept to 1 regardless temperature. Fig. 7 shows the RS vs. T curve (x, y ¼ 0.0 and 0.05) for the different models. As shown in Fig. 7 , the RS of La 0.7 Ca 0.1 Pb 0.2 Mn 1ÀxÀy Al x Sn y O 3 (x, y ¼ 0.0) using mean-eld, 3D-Heisenberg and tricritical mean-eld model clearly deviates from RS ¼ 1, as against, the RS of 3D-Ising model is close to it. So, it is the best model that can describe these compounds. On the other hand, we noted that the RS of La 0. (1) and (2), respectively.
Thus, new values of the critical exponents and the Curie temperature associated are also mentioned in the same gure and reported in Table 2 for all samples. Alternatively, a more accurate method to determine the critical exponents b and g are estimated by the Kouvel-Fisher (KF) method. 71 The K-F method is based on the following equations: 
According to this method, the quantities M S (T)(dM S (T)/ dT)
À1 and c 0 À1 (T)(dc 0 À1 (T)/dT) À1 plotted against temperature in Fig. 9 , yield straight lines with slopes 1/b and 1/g, respectively, and the intercepts on the T axis of the extrapolation of these straight lines to the ordinate equal to zero gives the values of T C . From the linear t to the plots Obviously, it is clearly remarked that these values are also in agreement with those obtained from modied Arrot plots (MAP). This conrms that the estimated values of the critical exponents are self-consistent and unambiguous. Besides, concerning the nal parameter d, it can be determined directly using the isothermal magnetization M(m 0 H) at TC (see in Fig. 10 ). The inset of the same gure shows the M(m 0 H) curve on a log-log scale. According to eqn (3), the value of critical exponent d can be determined directly from the tting of the high eld region of critical isotherm M(T C ,m 0 H) on log-log scale as reported in Fig. 10 . The obtained value for the currently investigated sample are 4.54, 2.85 and 2.7 for x, y ¼ 0.0, 0.05 and 0.075, respectively.
Furthermore, according to the statistical theory, these critical exponents are interrelated and fulll the Widom scaling law which critical exponents b, g, and d are related in following way:
The replacement of b and g determined by Kouvel-Fisher method in eqn (15) donates 4.63, 2.66 and 3.3 as a value of delta for x, y ¼ 0.0, 0.05 and 0.075, respectively, which are so close to those determined by the critical isotherm. This relationship has been tested by plotting
checking the linearity of the curve as shown in Fig. 11 . Hence, we can conclude that the values of different critical exponents and T C determined for our compounds obey the Widom scaling Using the values of b and g given by the Kouvel Fisher technique (KF), the scaled data are plotted in Fig. 12 . For a more convenient visualization of the results, we represent in the inset the same data in a log-log scale. It is clear that all the magnetization data fall on two individual branches, one for T < T C and the other for T > T C . This clearly suggests that the values of the exponents and T C for these samples are reasonably accurate and consistent with the scaling hypothesis. Consequently, the La 0.7 Ca 0.1 Pb 0.2 Mn 1ÀxÀy Al x Sn y O 3 samples undergo the secondorder magnetic phase transition. Moreover, the reliability of b, d and T C can be ascertained by checking the scaling of the magnetization curves. In fact, for magnetic systems, the scaling equation of state takes the form: The scaled data are plotted in Fig. 13 , using the values of b, g and T C obtained from the K-F method, for the x, y ¼ 0.05 sample. The excellent overlap of the experimental data points clearly indicates that the critical parameters obtained for these compounds are in agreement with the scaling hypothesis, which further corroborates the reliability of the obtained critical exponents near magnetic transition.
This shows that the critical parameters determined are in good agreement with the scaling hypothesis, which further corroborates the reliability of the obtained critical exponents.
To put our obtained results in the context of previous works, the values of the critical exponents for our samples derived from various methods and some other manganites reported in literature, 74, 80 as well as the theoretical values based on various models, 81, 82 are summarized in Table 2 for comparison. Clearly, the data in this table support the conclusion that the critical In order to demonstrate the inuence of the critical exponents on the MCE, we analyzed the dependence of the entropy change on the eld. According to Oesterreicher et al., for a material displaying a second order phase transition, the eld dependence of DS M can be expressed as follows:
where the exponent n depends on the magnetic state of the compound. It can be locally calculated as follows:
The obtained largest values of n approaching to 2 in the paramagnetic range for T > T C , n ¼ 1 for T < T C , 42 and at the peak temperatures T C , the exponent n becomes eld independent and is expressed as:
which can be transformed using the relation bd vs. m 0 H curve are higher than those calculated from eqn (20) . The deviation from the mean eld behavior is due to the presence of local inhomogeneities around the transition temperature.
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In the following section, we will use the mean-eld theory to study the spontaneous magnetization (M spont ) in our samples (x, y ¼ 0.05 and 0.075). A general result issued from a mean-eld theory reveals the dependence of the magnetic entropy on the relative magnetization can be described as: 
where s ¼ M/gmbJN, M is the magnetization, N is the number of spins, J is the spin value, k B and B J are the Boltzmann constant and the Brillouin function respectively. From a power expansion of eqn (21), DS M is proportional to M 2 , from the mean-eld model, for small M values:
However, in ferromagnetic state (bellow T C ) the system has a spontaneous magnetization where s ¼ 0 state is never attained. Aer restriction the rst term of eqn (22) , the magnetic entropy change can be donated by this equation: Interestingly, we can further discuss the feasibility and applicability of the mean eld theory applied in the above analysis. The spontaneous magnetization can be tted by using:
To determine the value of the critical exponent b, we changed this expression to log-log scale. Fig. 15 shows ln(M) vs. ln(T C À T/T C ), the linear tting gives the value of b to be 0.48 AE 0.017 which is consistent with the standard mean eld model (b ¼ 0.5).
Here we distinguish an excellent agreement between the experimental value (b ¼ 0.48) and the theoretical value (mean eld model, b ¼ 0.5) allows to conrm the validity of this technique to estimate the spontaneous magnetization using a mean-eld procedure of the magnetic entropy change.
Conclusion
In the present work, we investigated the magnetic, critical exponents and magnetocaloric properties of polycrystalline La 0.7 Ca 0.1 Pb 0.2 Mn 1ÀxÀy Al x Sn y O 3 synthesized by sol-gel method. The values of critical exponents for all samples specimens corresponding to the PM to FM phase transition were extracted using the modied Arrott plot method, Kouvel-Fisher method and critical isotherm analysis. Interestingly, the exponent values founded are so close to values expected for the universality class of 3D-Ising model and mean eld model for x ¼ 0.0, 0.05 and 0.075 respectively. The validity of the obtained critical exponents using various methods has been conrmed by the Widom scaling relation and universal scaling hypothesis. We can note that the change in the universality class is due to the relevant disorder introduced by the (Al, Sn) doping.
Furthermore, the methodology based on the analysis of the magnetic entropy change (DS M ) vs. results have a role to get fruitful investigations and we can conrm that the insight gained from the use of different methodologies for a given magnetic system is very interesting.
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